We study the electronic structure and the magnetic properties of epitaxial (Ni 1-x Co x )Fe 2 O 4 (111) layers (x = 0 − 1) with thicknesses d = 1.7 − 5.2 nm grown on Al 2 O 3 (111)/Si(111) structures, to achieve a high value of inversion parameter y which is the inverse-to-normal spinel-structure ratio, and hence to obtain good magnetic properties even when the thickness is thin enough for electron tunneling as a spin filter. We revealed the crystallographic (octahedral O h or tetrahedral T d ) sites and the valences of the Fe, Co, and Ni cations using experimental soft X-ray absorption spectroscopy and X-ray magnetic circular dichroism spectra and configuration-interaction cluster-model calculation. In all the (Ni 
I. INTRODUCTION
Towards the realization of Si-based spintronic devices for practical use at 300K [1] [2] [3] [4] , one of the most important building blocks is a spin injector/extractor which inject/extract a highly spin-polarized electrons into/from a Si channel. For such spin injector/detector junctions, the spin filter effect through an inverse spinel ferrite barrier is expected to be very useful, since it completely selects down-spin polarization of tunneling electrons by the spin-dependent tunnel probability which originates from the spin-polarized lower down-spin and higher up-spin conduction bands of the spinel ferrites. In addition, the Curie temperatures T C of bulk ferrites are typically far above room temperature: T C = 793 K for CoFe 2 O 4 [5] [6] [7] and T C = 850 K for NiFe 2 O 4 [8, 9] . However, the experimental spin-polarization values estimated from the tunnel magnetoresistance ratio have been much less than the expectations in multi-layered structures with metal electrodes and a few-nm-thick ferrite tunnel barrier [8, 10, 11] . These results indicate that the ferrite barriers in these experiments had neither the ideally spin-polarized band structure nor good magnetic properties of the inverse spinel ferrites, owing to imperfection in cation ordering and lattice structures. The inverse and normal spinel structures of MFe 2 O 4 (M = Co or Ni) ferrites are defined by the cation occupancies on the octahedral (O h ) and tetrahedral (T d ) sites in the lattice of O anions. Figure 1 (a) shows a schematic picture of the spinel structure, where small red, small blue, and large gray spheres represent the O h sites, T d sites, and oxygen anions, respectively, and blue and red arrows represent the antiferromagnetic coupling between the magnetic moments of cations at the T d and O h sites, respectively. Generally, the inverse (normal) spinel structure stands for full occupancy of the T d sites by Fe (M) cations. To quantify the regularity of cation distribution, the inversion parameter y is frequently defined by the ideal chemical formula [M 1-y 4 and represents the inverse-to-normal spinel-structure ratio: y = 1 (y = 0) denotes the perfect inverse (normal) spinel structure. Hereafter, the ratio of the total O h to the total T d sites occupied by Fe and M cations is referred to as the total O h /T d site ratio and is 2 in the above ideal chemical formula. From first-principles calculations for MFe 2 O 4 ferrites with y = 1 [7, 12] , the lower down-spin conduction band is composed of 3d (t 2g ) states of Fe cations at the O h sites, whereas the higher up-spin conduction band is composed of the 3d (e) states of Fe cations at the T d sites, as schematically shown in Fig. 1(b) . When y < 1, up-spin midgap states are formed, which results in the decrease of spin selectivity during the electron tunneling [7, 12, 13] and also in the degradation of magnetic properties [6, [13] [14] [15] [16] [17] . Therefore, the spin filter effect requires a thin MFe 2 O 4 layer (M = Co or Ni) with a high y. In addition to the above-mentioned cation distribution determined by the site selectivity of cations, a study on an epitaxial Fe 3 O 4 layer on a MgO substrate [18] reported that the polar interface with oxide materials causes unoccupied T d sites, which should lead to a significant degradation of magnetic properties; The amount of unoccupied T d sites is maximum at the heterointerface and exponentially decreases with increasing the Fe 3 O 4 thickness in the thickness range below 10 nm. Recently, we also confirmed such characteristics in epitaxial CoFe 2 O 4 (111) layers with various thicknesses d = 1.4, 2.3, 4.0, and 11 nm on Al 2 O 3 (111)/Si(111) [19, 20] ; We found that a magnetically-dead layer originating from various complex networks of superexchange interactions is present mostly at the CoFe 2 O 4 /Al 2 O 3 interface at d = 1.4 nm, y increases with increasing d, and the magnetization comparable to that of bulk materials were obtained only at d = 11 nm. This is a serious problem in utilizing the spin filter effect, since the spin filter tunnel barrier requires a few-nm-thick ferrite with a high y and good magnetic properties, and this is probably the reason why the spin polarization of electrons is smaller even at low temperatures (4 − 10 K) reported in Refs. [8, 13] .
The purpose of this study is to achieve a high y and good ferrimagnetic properties even in a few-nm-thick ferrite layer epitaxially grown on Al 2 [28, 29] . Our experimental techniques are soft X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD), which are extremely sensitive tools to the local electronic structure and the magnetic properties of each element in magnetic materials [30] [31] [32] [33] [34] , and allow us to determine the crystallographic sites and valences of cations [35] [36] [37] . In addition, since XMCD is free from the diamagnetic signal from the substrate, one can perform accurate measurements on ultra-thin magnetic layers. Therefore, XMCD measurements are useful for the systematic investigation of a few-nm-thick magnetic layers in oxide magnetic multilayers.
In this paper, we present the electronic structure and magnetic properties of epitaxial NiFe 2 
II. EXPERIMENTAL
We grew two series of epitaxial thin films: (i) Epitaxial single-crystalline , and the laser setup were the same as those in our previous report [20] . The stoichiometry of each layer is referred to as that of a sintered target used for each growth. , which are growth defects of the cation sublattice inherent in the spinel structure [14] [15] [16] : The oxygen lattice remains unchanged across an APB whereas the cation sublattice is shifted by the <220> translation vector [16] .
We performed XAS and XMCD measurements at the soft X-ray beamline BL23SU of SPring-8 with a twin-helical undulator of in-vacuum type [39] , which allows us to perform efficient and accurate measurements of XMCD with various incident photon energies. The monochromator resolution was E/∆E > 10000. XMCD spectra were obtained by reversing the photon helicity at each energy point and were recorded in the total-electron-yield (TEY) mode. To eliminate possible experimental artifacts, we averaged XMCD spectra taken for both positive and negative magnetic fields applied perpendicular to the layer surface. The direction of the incident X-rays was also perpendicular to the layer surface. Backgrounds of the XAS spectra at the Fe, Co, and Ni L 2,3 edges were subtracted from the raw data, assuming that they are hyperbolic tangent functions. All the measurements were performed at 300 K, and a magnetic field applied perpendicular to the layer surface is denoted by µ 0 H. Note that the data of the [20] .
To clarify the correlation between the cation distribution and magnetic properties quantitatively, we determined the crystallographic sites and valences of Fe, Co, and Ni cations using the experimental XAS and XMCD spectra and cluster-model calculation. It has been well recognized that the XAS and XMCD spectra of transition-metal oxides strongly depend on the 3d electron configuration, crystal field, spin-orbit coupling, and electron-electron interaction within the transition-metal cation, and the hybridization of 3d electrons with other valence electrons. Taking into account these effects, we calculated XAS and XMCD spectra for Fe, Co, and Ni cations with a specific site and valence by employing the CI cluster model [38] . In the calculation, we adopted empirical relationship between the on-site Coulomb energy U dd and the 3d-2p hole Coulomb energy U dc : U dc / U dd = 1.25 [40] , and that between the Slater-Koster parameters pdσ and pdπ: pdσ / pdπ = -2.17 [41] . The hybridization strength between O 2p orbitals T pp was fixed to be 0.7 eV (for O h site) and 0 eV (for T d site) [38, 40] , and 80% of the ionic Hartree-Fock values were used for Slater integrals. Thus, the crystal-field splitting 10Dq, the charge-transfer energy ∆, U dd , and pdσ were treated as adjustable parameters. As for the Fe cations, 10Dq, ∆, and pdσ were adjusted to reproduce the various experimental Fe L 2,3 -edge spectra by the weighted sum of calculated spectra for the Fe [20] . The parameter values used for these calculations are listed in Table 1 . The spin magnetic moment m spin and the orbital magnetic moment m orb were also calculated within the CI cluster model using the above parameters for the Fe, Co, and Ni cations, and they are summarized in Table 2 . [20, 35, 40] , where the superscript number denotes the valence of the cations. Our calculation also supports these assignments, as will be described. Fig. 1(a) , which is characteristic of the Ni (O h ) cations in inverse spinel ferrites [20, 42, 43] .
III. EXPERIMENTAL RESULTS AND ANALYSES
In Fig. 4(b procedure. In the same figure, the inversion parameter y estimated form the site occupancy of these Fe cations, as described above, is also shown. Considering the charge neutrality, the valence of all the Fe cations for all d was essentially 3+ due to the fact that the occupancy of the Ni 2+ (O h ) cations is 100% in all d, as shown in Fig. 7(b) . Fig. 1(a) . This is characteristic of the Co (O h ) and Ni (O h ) cations in inverse spinel ferrites [20, 35, 42, 43] . In Fig. 9(a) , the normalized Fe L 3 -edge XMCD intensity for the Fe 3+ (T d ) cations (708.0 eV) decreases with increasing x, namely, y decreases with increasing x. In contrast, the normalized Co and Ni XMCD spectra do not vary with x, as shown in Figs. 9(b) and (c), respectively, which indicates that the site occupancies of the Ni and Co cations are constant for various x. Thus, the higher y value with lower x is associated with the difference of the site selectivity of the Ni and Co cations.
To clarify the correlation between the site selectivity, cation distribution, and magnetization quantitatively, we also determined the crystallographic sites and valences of Fe, Co, and Ni cations in the (Ni 1-x Co x )Fe 2 O 4 layers using the experimental XAS and XMCD spectra and the CI cluster-model calculation. Figures 10(a) and (b) cations. The small discrepancy between the experimental spectra and the weighted sum of the calculated spectra may come from factors other than the assumptions in the calculation [20] : some other Co cations, such as low spin Co cations [44] , Co cations at the trigonal prism sites [45] , and Co cations under local distortion. The experimental Co L 2,3 -edge XAS and XMCD spectra for the 3.5 or 4 nm-thick (Ni 1-x Co x )Fe 2 O 4 layers with other x's (x = 0.25, 0.5, and 1) can also be reproduced by the same weighted sum of the calculated spectra since they are identical with those for the (Ni 0. 25 Co 0.75 )Fe 2 O 4 layer in Fig. 9(b) . From these calculations, we obtain the site occupancies of the Co
, and Co 3+ (O h ) cations at µ 0 H = 7 T as shown in Fig.12(b) .
In the same way, the experimental Ni L 2,3 -edge XAS and XMCD spectra for the 3. . From these fits, we can also obtain the site occupancies of the Ni 2+ (O h ) cations at µ 0 H = 7 T as shown in Fig.12(c) .
In Fig. 12(a) , the inversion parameter y estimated from the site occupancies of the Fe cations, as described above, is also shown by red rhombuses. In all the layers, all Ni cations occupy the Ni 2+ (O h ) site [ Fig. 12(c) Fig. 12(a) ]. Although these changes are only ~10% in the full x range, y drastically increases with decreasing x and it shows the highest value of 0.91 at x = 0.
IV. DISCUSSION
In this section, we summarize the experimental results described in the previous sections, and discuss the relationship between the electronic structure and the magnetic properties of the (Ni 1-x Co x )Fe 2 O 4 layers with x = 0 -1, in order to provide a comprehensive understanding.
In all the (Ni Fig. 3 , and other structural defects may be also present, particularly in the vicinity of the domain boundary between the two in-plane-rotated domains. Thus, we concluded that the increase of the O h /T d site ratio as well as other structural defects form the magnetically-dead layer moderately degrades the properties of the NiFe 2 O 4 layers.
V. CONCLUSION
We have investigated the electronic structure and the magnetic properties of the epitaxial We have also determined the crystallographic sites and the valences of the Fe, Co, and Ni cations using the experimental XAS and XMCD spectra, and the CI cluster-model calculation. In all the (Ni 1-x 
